According to the olfactory navigation hypothesis, birds are able to exploit the spatial distribution of environmental odourants to determine the direction of displacement and navigate from non-familiar locations. The so-called "olfactory activation hypothesis" challenged the specific role of olfactory cues in navigation by suggesting that olfactory stimuli only activate a navigational system that is based on non-olfactory cues, predicting that even artificial odourants alone are sufficient to allow unimpaired navigation. In this experiment, we compared tracks of experimental birds exposed to different olfactory stimuli before being made anosmic at the release site prior to release. One group of pigeons was exposed to purified air enriched with artificial odourants, while a second group was exposed to environmental air. The birds stimulated with artificial nonsense odourants displayed several behavioural differences from both untreated controls and anosmic pigeons exposed to environmental air prior to release: nonsense odourants birds were unable to determine the home direction, they mostly flew within a space outside the homeward oriented quadrant, and they flew shorter distances on the day of release. Our data failed to support a mere activational role of olfactory stimuli in navigation, and are consistent with the olfactory navigation hypothesis.
Introduction
The "olfactory navigation hypothesis" was formulated by Floriano Papi (Papi et al. 1971) to explain that (1) homing pigeons subjected to olfactory nerve section could not find home from an unfamiliar location and that (2) exposure to winds blowing at the home area is needed for the development of their navigational abilities (Wallraff 1966) . According to this hypothesis, pigeons develop an olfactory map by learning the wind-borne odours in association with the direction of the winds blowing at home. When displaced to a non-familiar location, they are able to determine the direction of displacement on the basis of the prevalent local odourants at the release site, by recalling the direction from which these odourants were blown at the home area (see Papi 1986; Wallraff 2005 Wallraff , 2015 Gagliardo 2013 for reviews on the subject). Extensive research on pigeon navigation accumulated a considerable amount of data consistently supporting a specific role of local environmental odours in pigeon navigation (see Wallraff 2005 for refs) . Nevertheless, it has been recently proposed that olfactory stimulation during transportation is needed for activating a navigational mechanism based on unspecified non-olfactory cues (Jorge et al. 2009 (Jorge et al. , 2010 . The proponents of this hypothesis (olfactory activation hypothesis) reported that birds released in anosmic conditions showed unimpaired vanishing bearing distributions provided that they had been exposed to odourants during the outward journey, regardless whether these odourants were "map" odourants (potentially learned in association with the wind directions) or novel artificial non-sense odourants (Jorge et al. 2009 (Jorge et al. , 2010 . In addition to navigational tests, Jorge et al. reported the immediate early gene expression in the brain of pigeons exposed to environmental air, artificial odourants and purified air, suggesting that the dorsolateral portion of the hippocampus might be involved in the activation of the navigational system triggered by any olfactory stimulation. However, this interpretation is inconsistent with a number of lesion studies showing that hippocampal ablations do not affect the pigeons' ability to determine the direction of displacement (Bingman et al. 2005; Gagliardo et al. 2014) .
The priming role of olfactory stimuli has been challenged by data from a GPS tracking study showing that pigeons exposed to artificial nonsense odourants during transportation and released after nasal anaesthesia showed impaired homeward orientation. In contrast, birds exposed to environmental air during transportation and at the release site before being released under nasal anaesthesia were able to determine the home direction (Gagliardo et al. 2011 ). The method used by Gagliardo et al. (2011) to deliver artificial odourants during transportation (one injection of 50 ml of fully saturated air with one odorant every 20 min) was criticised by Phillips and Jorge (2014) , claiming that the olfactory stimulus was too strong and not delivered continuously. According to these authors, Gagliardo et al. (2011) failed to obtain results consistent with those reported in Jorge et al. (2009 Jorge et al. ( , 2010 , because of an unsuitable olfactory stimulation. It is worth noting that detailed information on the amount of odorant used was not reported by Jorge et al. in their first two papers on the subject (Jorge et al. 2009 (Jorge et al. , 2010 . Only later, detailed information on the stimulation procedure were given (JBP's personal communication in the Royal Institute Navigation Forum; Phillips and Jorge 2014) .
The present experiment reports the effect on pigeon navigational performances of olfactory stimulation with artificial odourants during transportation, achieved with a procedure similar to that adopted by Jorge et al. (2009 Jorge et al. ( , 2010 .
Materials and methods

Experimental procedures
Sixty-three inexperienced adult pigeons hatched at the Arnino field station (Latitude 43°39′26″N; Longitude 10°18′14″E), Pisa, Italy, were used in the study. Their age ranged between 5 and 9 months. The pigeons were raised as free flyers and were not subjected to training releases. At least 2 weeks prior to the experimental releases, all the birds were equipped with a PVC dummy weight, similar in dimension and weight to the GPS data logger they would be carrying, to accustom them to flying with a load. The dummy was attached to the pigeons' back by means of a Velcro strip glued on the feathers, which had been trimmed. To track the released pigeons, we used GSM GPS loggers (FT-T1C-STPc-176: AgoraSmart©multi-functional module; weight 25 g) and Mobile Action IgotU (20 g) GPS loggers only in the first release for C and ZnC groups (see below). The sampling rate was 1 fix every minute. The loggers were set so to automatically switch off after the sunset and switch on before sunrise, to save the power of the battery. The positional fixes stored by a GPS data logger include latitude, longitude, speed and time of recording. Both kind of GPS loggers stored positional data, but only the GPS GSM loggers transmitted the data.
In each release, three groups of pigeons subjected to three different treatments were tested. A sketch of the experimental procedure is shown in Fig. 1 . The C-pigeons (n = 21) were transported in a crate to the release site and released without further manipulation after at least 2 h from the arrival to the release site. We chose not to perform any nasal washing with physiological solution to the C birds, Fig. 1 Sketch of the experimental procedure. Details in the "Materials and methods" section because this treatment might temporary affect the ability to smell, while we wanted to measure the response of birds fully able to smell any time during the experiment. The ZnC pigeons (n = 22) were transported to the release site in an airtight container ventilated with environmental air by an aspirator; once arrived at the release site these birds were allowed to smell the environmental air at the release site for at least 1 h before being made anosmic; the birds were released at least 2 h after the anosmia treatment, which consisted in washing their olfactory mucosa with a 4% zinc sulphate solution (Guilford et al. 1998) ; the pigeons were taken out of the airtight container at least 30 min before being released. The third group, the ZnAO pigeons (n = 22), was transported inside an airtight container ventilated by air filtered through an active charcoal filter to remove most of the natural odourants contained in the air. A by-pass applied to the tube carrying filtered air to the containers was connected to an apparatus for the olfactory stimulation composed by a tube system connected to four 50 ml vials each containing a small piece of cotton embedded with 100 µl of an odorant (lavender, eucalyptus, rose, thyme). The access of the air in and out of each vial was regulated by two taps. During the displacement and at the release site, for at least 1 h, an experimenter delivered one odorant every 5 min, by opening/closing the two taps regulating the flux in and out of a vial. The birds were exposed in sequence to lavender, lavender and eucalyptus, eucalyptus, eucalyptus and rose, rose, rose and thyme, thyme, thyme and lavender, lavender and so on. After one hour of stimulation at the release site, the birds were made anosmic with zinc sulphate nasal washing; also the ZnAO pigeons were taken out of the airtight container at least 30 min before being released; the release took place at least 2 h after the zinc sulphate treatment.
Three releases took place from Bolgheri (home direction 336°, home distance 53 km) under sunny conditions, with no or light wind. Each pigeon was released singly, alternating between treatments. The time of the day at which the birds were released ranged from the late morning to the early afternoon: C between 10:58 and 14:27, ZnC between 11:11 and 15:35, ZnAO 11:24 and 15:10.
Quantitative analyses and statistical procedures
In the track analysis, the initial fixes of the track closer than 1 km radius from the release site were excluded from the analysis. For each track, we calculated the individual mean vector averaging the directions taken by the bird while moving from one point to the next at the recorded speed higher than 5 km/h. For each track, the distribution of the directions taken by the bird was tested for randomness with the V test. The number of significantly oriented tracks in the three groups where compared with the Chi square goodness of fit test. The mean vector distributions of the three groups of birds were tested for randomness with the one sample Hotelling test (Batschelet 1981) . Comparisons on the orientation performances of the three groups were made by applying the two sample Hotelling test (Batschelet 1981) .
For each track, we calculated the Homing Efficiency Index (HEI) that takes into account whether a bird approaches or gets away from home during its flight (see Gagliardo et al. 2016 for details) at 30, 60, 90, 120, 150, 180 min of flight. The HEIs of the three groups at the different times were compared with the two Way RM ANOVA, while the HEI calculated on the whole track has been compared with the Kruskall-Wallis test. We used the one way ANOVA to compare the percentage of fixes of the tracks of the three groups of birds located within the home quadrant (291°-021°) to evaluate differences in spatial choices in the three groups while trying to reach home.
Differences in homing performances were assessed with the Kruskall-Wallis test applied to the following categories: birds homed on the day of release, for which the homing speed has been computed, birds homed on the day after the release, birds homed later and birds lost.
To highlight possible non-specific effects of the zinc sulphate treatment prior to release we analysed the behaviour of the birds on the day of the release. In particular, we analysed the virtual vanishing bearing distributions (the direction of the birds from the release site at 2 km from it), the number of stops per km of track, the percentage of the time spent sitting on the total time of GPS recording, and the number of kilometres flown. The virtual vanishing bearing distribution was tested for randomness with the V test, and compared with the Watson U 2 test (Batschelet 1981) . The number of stops per km of track, the percentage of the time spent sitting, and the number of kilometres flown were compared among groups with the one way ANOVA. Multiple comparisons were performed with the Student-Newman-Keuls Method (Zar 1984) .
Results
The orientation data of all the recorded tracks available (some GSM GPS failed to record the tracks) are reported in Tables 1, 2 and 3 , for the C, ZnC and ZnAO birds, respectively. As in the first release both C and ZnC were provided with IgotU loggers, we were unable to obtain tracks from the lost birds. Therefore, for this release only the homed ZnAO birds were included in the between-group comparison. The mean recording period (from the time of release up to when the battery run out of power) of the loggers placed on the C, ZnC and ZnAO birds was about 23, 35, and 30 h, respectively. No difference in the recording period between ZnC and ZnAO emerged (t test p > 0.1).
Representative tracks of the behaviour of each experimental group of birds are reported in Fig. 2 (see Supplementary Material for the other tracks). All the tracks are deposited in Movebank (http://www.moveb ank.org, https :// doi.org/10.5441/001/1.dn1b9 37k).
The number of birds displaying an oriented movement according to the V test was significantly different in the three groups (χ 2 goodness of fit test, p < 0.05; 12 C, 13 ZnC and 8 ZnAO birds displayed an oriented movement out of 15, 16 and 18 pigeons, respectively). In particular, both C and ZnC birds were significantly more likely to display an oriented movement compared to the ZnAO pigeons (p < 0.05), while no difference emerged between the C and the ZnC. It is worth noting that the three ZnAO birds excluded from the comparison for the reasons explained above displayed a non-oriented movement according to the V test (see Table 3 for details). For each bird track (Bird code), the mean vector length (r) and mean direction (α), homeward component (hc), number of fixes considered in the analysis (n), homing efficiency index (HEI), the day on which the bird homed (HD, the homing day corresponds to 1 if the bird homed on the day of release and so on; lost means that the bird never returned) are reported in the The three groups of birds displayed mean vector distributions significantly different from random (see Fig. 3 , Hotelling test p < 0.001 for all groups). However, the orientation of the birds was affected by the exposure to environmental odourants prior to release. In fact, both C and ZnC pigeons oriented in a direction close to the home direction (the 95% confidence limits of their mean vector distribution included the home direction), while the ZnAO birds oriented in a direction significantly different from the home direction (C, n = 15 r = 0.46, α = 337°, 95% CI 333°-350°; ZnC n = 16, r = 0.26, α = 335°, 95% CI 325-339°; ZnAO n = 18, r = 0.19, α = 322°, 95% CI 255°-333°; ZnAO including all tracks available n = 21, r = 0.17, α = 321°, 95% CI 259°-333°). The ZnAO mean vector distribution (n = 18) turned out to be significantly different from both the C (Two Samples Hotelling Test, F = 4.782 p < 0.05) and, more importantly, from the ZnC (F = 4.044, p < 0.05) distributions. No difference emerged from the comparison between the C and ZnC distributions (F = 3.249, p > 0.5).
The whole length of the recorded tracks in the three groups of birds was comparable (mean length C 112.0 ± 55.8 km; ZnC 106.5 ± 39.2 km; ZnAO 103.6 ± 40.2 km; One Way ANOVA, F = 0.145 p > 0.5).
The homing efficiency index for every 30 min of active flight is shown in Fig. 4 . The two way RM ANOVA revealed a significant difference between the treatments (F 2,45 = 4.305, p < 0.02). The multiple comparison performed with the Tukey test showed that the C birds displayed a HEI significantly greater than that of the ZnAO pigeons (p < 0.05), but comparable to that observed for the ZnC birds (p > 0.1), while no significant difference between the ZnC and the ZnAO pigeons emerged (Tukey test, p > 0.5). There was a significant difference between flight times (F 5,174 = 17.324, p < 0.001), particularly because at 30 min the HEI was smaller compared to the subsequent times. No significant interaction between the treatment and the active flight time emerged (F 10,174 = 0.955, p > 0.1). Consistently, the Kruskall-Wallis test revealed a significant difference in the HEI calculated on the whole tracks (p = 0.001; median HEI: C 0.548, ZnC 0.109, ZnAO 0.000524; see Tables 1, 2, 3 for the HEI calculated on the whole track for each bird). In particular, a difference between the C and ZnAO was detected (Dunn's test, C vs ZnAO p < 0.001), while no differences in the other comparisons emerged (C vs ZnC and ZnC vs ZnAO, p > 0.05). However, percentage of fixes located within the home quadrant was significantly different in the three groups of birds (one way ANOVA, F 2,46 =6.793, p = 0.003; mean percentage of fixes within the home quadrant: C 77.1 ± 24.6, ZnC 60.9 ± 29.6, ZnAO 40.5 ± 30.6; Fig. 5 ). In fact, the ZnAO birds displayed a significantly lower percentage of fixes located in the home quadrant, compared to both C and, more importantly, ZnC (Student-Newman-Keuls Method, ZnAO vs C and ZnAO vs ZnC p < 0.01 and p < 0.05, respectively, C vs ZnC p > 0.1), while no difference between C and ZnC emerged. The homing performance of the three groups of birds was significantly different according to the Kruskall-Wallis test (p < 0.001). The C birds were significantly faster and proficient at homing than both the ZnC and the ZnAO pigeons (Dunn's test, p < 0.001 in both comparisons). Five C, 15 ZnC and 15 ZnAO never returned to their loft (see Tables 1, 2, 3 for other details on the birds' homing performance).
As the zinc sulphate treatment was applied prior to release (Gagliardo et al. 2016 ) rather than on the day before, as reported in most other experiments (see Wallraff 2005 for refs), we tried to evaluate the possible non-specific effect of the zinc sulphate by conducting an analysis of the behaviour of the birds on the day of the release. The analysis on the virtual vanishing bearing distribution (orientation of the birds with respect to the release site at about 2 km from it; see Fig. 6 ) of the three groups of birds showed that only the C birds displayed a significantly oriented distribution according to the V test (p < 0.05), that takes into account the expected direction (C, n = 15, r = 0.53, α = 296°, p < 0.05 according to the V test; ZnC, n = 16, r = 0.76, α = 216°, p > 0.05; ZnAO, n = 18, r = 0.64, α = 205°, p > 0.05). However, the mean vector distributions relative to the section of tracks recorded on the day of the release, displayed the same pattern as the whole tracks distributions. In fact, the second-order mean vector distribution of the three groups of birds were significantly oriented according to the Hotelling test (C, n = 15, r = 0.41 α = 332°, p < 0.001; ZnC n = 16, r = 0.23 α = 332°, p < 0.01; ZnAO n = 18 r = 0.17 α = 275°, p < 0.05). However, differences in homeward orientation emerged in the three groups already on the day of release. In fact, both C and ZnC confidence limits included the home direction (C 318°-338°, ZnC 277°-350°), while the ZnAO birds oriented in a direction significantly different from the home direction (CI 215°-302°). It is worth noting that already on the first day after release, the ZnAO birds displayed a significantly different mean vector distribution from both the C and the ZnC pigeons (Two Sample Hotelling Test, ZnAO vs C F = 8.606 p < 0.01; ZnAO vs ZnC F = 4.308 p < 0.025), while no difference between C and ZnC distributions was found (F = 1.862 p > 0.1). Therefore, while at 2 km from the release site both anosmic groups displayed a similar impaired homeward orientation, the movements recorded on the first day of test showed that only those birds exposed to natural environmental odourants were able to orient homeward. In conclusion, while a non-specific effect of the nasal washing might have produced an initial impairment in homeward orientation at 2 km from the release site, the inability of the ZnAO to correct their orientation towards home can be hardly attributed to a non-specific effect of the zinc sulphate treatment.
The three groups of birds showed a comparable number of stops (mean number of stops per kilometre; C 0.213 ± 0.17, ZnC 0.26 ± 0.18, ZnAO 0.33 ± 0.42; one way ANOVA p > 0.5) and spent a comparable time sitting expressed as percentage of the total time of recording during the first day of test (C 68.0 ± 8.7, ZnC 73.7 ± 12.6, ZnAO 73.5 ± 16.1; one way ANOVA p > 0.1). Interestingly, a significant difference emerged in the length of the path flown on the day of release in the three groups of birds ( Fig. 7 ; mean path length in km: C 61.2 ± 20.4; ZnC 44.0 ± 21.2; ZnAO 28.5 ± 18.0; one way ANOVA F = 11.185 p < 0.001). A post hoc analysis showed a statistical difference in all comparisons (Student-Neumann-Keuls Method, C vs ZnAO p < 0.001; both ZnC vs C and ZnC vs ZnAO p < 0.05). In conclusion, both anosmic groups on the day of release flown significantly shorter path compared to controls. However, the reduction of the flight path length cannot be entirely attributed to a possible non-specific effect of the zinc sulphate treatment, as the ZnAO birds flew along significantly shorter path compared to the ZnC.
Discussion
Specific role of environmental olfactory information in homeward orientation
The ability of the birds to determine the home direction on the basis of local olfactory information has been reported by a variety of studies (Wallraff and Foà 1981; Benvenuti and Wallraff 1985; Wallraff et al. 1992; Gagliardo et al. 2001 Gagliardo et al. , 2016 . However, odour-based navigation in homing pigeons has been challenged by the idea that olfactory stimuli, rather than providing positional information, might have an activational role on a navigational system based on non-olfactory cues. According to the olfactory Fig. 6 Virtual vanishing bearing distributions of the three groups of pigeons. In each diagram, the outer arrow represents the home direction; the inner arrow represents the mean vector; r mean vector length, α mean vector direction, hc homeward component. Further explanation in the text Fig. 7 Mean kilometres flown by the three groups of birds on the day of release. Error bars represent standard deviations. *p < 0.05; ***p < 0.001; further explanation in the "Results" activation hypothesis, unimpaired navigational abilities of anosmic pigeons are expected, provided that during the outward journey their olfactory system was stimulated by any olfactory stimuli, regardless of whether they consist of natural environmental local odourants or artificial novel odourants. The results reported here failed to confirm the olfactory activation hypothesis, as birds made anosmic by washing their olfactory mucosa with a zinc sulphate solution prior release, were unable to orient homeward if prevented to smell local environmental odours, although stimulated with artificial novel odourants during transportation (ZnAO). By contrast, birds exposed to local environmental odours both during the outward journey and at the release site, and made anosmic prior to release displayed a mean vector distribution significantly different from that exhibited by the ZnAO pigeons, and more importantly, homeward oriented.
Effects of zinc sulphate nasal washing prior release on birds' navigational performances
Compared to local anaesthesia of the olfactory mucosa which only works for relatively short and unpredictable duration, the zinc sulphate nasal washing produces a long lasting anosmia, by inducing necrosis of the olfactory neurons (Cancalon 1982) . A full regeneration of the olfactory mucosa occurs thanks to the maturation and differentiation of the basal cells, which is likely to be completed after a few months (Bedini et al. 1976) . We chose to use the latter method to better control the exposure of the pigeons to olfactory stimuli during the whole experiment, and therefore evaluate the birds' navigational performances during the whole GPS tracking period. We also tracked the birds rather than recording only their initial directions at vanishing, because, as also observed in the present experiment (see virtual vanishing bearing distributions), behavioural differences between experimental groups might only emerge at distances further than 2 km from the release site. Maybe the contradiction between the results of the tracking tests on the olfactory activation hypothesis [the present data and those reported in Gagliardo et al. (2011) ] and the evidence reported by Jorge et al. (2010) might be due to differences in data sampling (tracking vs vanishing bearing recording).
As expected according to the olfactory navigation hypothesis, both anosmic groups (ZnC and ZnAO) were equally impaired at homing, although they had been exposed to olfactory stimulation during their outward journey. These results are consistent with a previous GPS tracking study, showing that pigeons treated with zinc sulphate at the release site were impaired at homing, but were able to orient homeward, only provided that they had been allowed to smell natural local odours both during transportation and at the release site (Gagliardo et al. 2016) . Interestingly, pigeons transported in purified air were unable to determine the home direction and on the whole oriented in a direction significantly different from home (Gagliardo et al. 2016) , similarly to what observed in the ZnAO group tested in the present work.
It has been previously suggested (Gagliardo et al. 2016 ) that the birds exposed to environmental air before zinc sulphate nasal washing (ZnC), although homeward oriented, were unable to eventually reach home because the olfactory map needs to be consulted on the way for a successful homing. In the present work, we analysed the percentage of fixes of the tracks distributed in the home quadrant, to assess whether there was a difference between the two anosmic groups in the spatial distribution of their home searching movements. Interestingly, both groups exposed to environmental air (C and ZnC) displayed a comparable percentage of fixes distributed in the home quadrant, and in both cases significantly higher than that exhibited by the ZnAO birds.
In conclusion, also this analysis suggested that the ZnAO birds seemed not to be aware of their position with respect to home.
During previous studies, the zinc sulphate nasal washing was applied to the birds at least a day prior to release (Guilford et a. 1998; Benvenuti et al. 1992; Gagliardo et al. 2001 Gagliardo et al. , 2013 Pollonara et al. 2015) , while in both the previous (Gagliardo et al. 2016 ) and the present study the anosmic groups were subjected to zinc sulphate treatment at the release site, at least 2 h before release. For this reason, one may argue that a general, non-specific effect of the treatment might have occurred. The results of the analysis on the behaviour of the birds on the day of release suggested that the treatment might have affected the initial directional decision of the anosmic birds. In fact, both ZnC and ZnAO were unable to orient homeward at vanishing (at 2 km from the release site), in contrast to the unmanipulated control birds. However, it is worth noting that after this initial impairment, the ZnC were able to orient homeward already on the day of the release, while the ZnAO took a direction significantly different from the home direction. Consistently to what was previously reported (Gagliardo et al. 2016) , the zinc sulphate nasal washing prior to release does not seem to have significantly affected the number of stops per kilometre and the time spent sitting. Although the length of the whole track recorded of the three groups of birds was comparable, the flight path flown by the birds on the day of release was significantly different in the three groups. Although anosmic groups displayed shorter tracks than unmanipulated controls on the day of release, it is unlikely that this reduction in the flight path might be entirely due to a non-specific effect of the anosmia treatment, because the lengths of the tracks recorded on the day of release were significantly different between the ZnC and the ZnAO birds. Anosmic birds exposed to environmental air (ZnC) flew longer paths on the day of release compared to birds exposed to artificial odourants (ZnAO). This difference suggests that the exposure to navigational olfactory cues before release in anosmic condition encouraged the birds to fly longer distances to search home.
Olfactory navigation hypothesis vs olfactory activation hypothesis
In the present study, we reported that the anosmic birds stimulated with artificial nonsense odourants prior to release displayed impaired homeward orientation, as expected according to the prediction of the olfactory navigation hypothesis. While the environmental olfactory information seems to provide pigeons with sufficient information for homeward orientation, the stimulation with artificial nonsense odourants failed to do so. The reported results contradict the olfactory activation hypothesis, according to which pigeons stimulated with artificial odourants were expected to show unimpaired navigational performances. If the olfactory activation hypothesis were correct, we would have observed both anosmic pigeons stimulated with any type of olfactory stimuli to find home, because smells should trigger the neural processes underlying navigation mechanisms based on non-olfactory information. This was not observed, as both anosmic groups were impaired at homing. The incompatibility of the olfactory activation hypothesis with previous experimental data, as well as its general implausibility have been discussed in a detailed and comprehensive review (Wallraff 2014) . Nevertheless, it is worth pointing out one additional inconsistent aspect of this hypothesis. In the view of its proponents (Jorge et al. 2009 (Jorge et al. , 2010 Phillips and Jorge 2014) , the exposure to non-home odourants is necessary for alerting the birds that they have been displaced far from home. In a recent study, Jorge and colleagues claimed that such olfactory stimulation would activate the hippocampal formation which, according to their view, should play a central role in activating the pigeons' navigational mechanism. As a matter of fact, the hippocampal formation is not involved in the operation of the navigational map in homing pigeons (Bingman et al. 2005) , because hippocampal ablation does not impair homeward orientation (Bingman et al. 1984) , even though hippocampal lesioned birds are slower at homing than control birds (Bingman et al. 1988) . Furthermore, tracking studies reported that hippocampal ablated birds are unimpaired in long distance navigation (Gagliardo et al. 2014) , and that the impairment in their homing time is due to the difficulty of the lesioned birds in visual familiar landmark-based navigation (Bingman and Mench 1990; Gagliardo et al. 2014) , needed for localising the loft within the home area in the last phase of their homing process (Gagliardo et al. 2007 ). We therefore suggest that the immediate early gene expression in the hippocampal formation following olfactory stimulation reported by Jorge et al. ) cannot be ascribed to an olfactory activation process of a navigational mechanism.
In the last few years, the use of tracking methods in displacement experiments on birds subjected to sensory manipulation supported the role of olfactory cues in wild birds' navigation both for homing to their nest Pollonara et al. 2015) and during migration (Holland et al. 2009; Wikelski et al. 2015) . Recently, a study on spontaneous movements of non-displaced Scopoli's shearwaters made anosmic while incubating eggs, ruled out the non-specific effect of anosmia treatment on their foraging and reproductive behaviour (Padget et al. 2017 ), while confirming the specific effect of olfactory deprivation on the navigational strategies used by birds for homing. In fact, anosmic shearwaters turned out to adopt coastal navigation, rather than moving in open ocean as birds with an intact sense of smell did.
In conclusion, the olfactory activation hypothesis, besides being contradictory (see detailed comments in Wallraff 2014)) failed to be confirmed when tested with GPS tracking experiments (Gagliardo et al. 2011 , and the results reported here), which in contrast provided further evidence for the critical role of the sense of smell in avian navigation.
